Transcription factors and chromatin modifiers are important in the programming and reprogramming of cellular states during development 1,2 . Transcription factors bind to enhancer elements and recruit coactivators and chromatin-modifying enzymes to facilitate transcription initiation 3, 4 . During differentiation a subset of these enhancers must be silenced, but the mechanisms underlying enhancer silencing are poorly understood. Here we show that the histone demethylase lysine-specific demethylase 1 (LSD1; ref. 5), which demethylates histone H3 on Lys 4 or Lys 9 (H3K4/ K9), is essential in decommissioning enhancers during the differentiation of mouse embryonic stem cells (ESCs). LSD1 occupies enhancers of active genes that are critical for control of the state of ESCs. However, LSD1 is not essential for the maintenance of ESC identity. Instead, ESCs lacking LSD1 activity fail to differentiate fully, and ESC-specific enhancers fail to undergo the histone demethylation events associated with differentiation. At active enhancers, LSD1 is a component of the NuRD (nucleosome remodelling and histone deacetylase) complex, which contains additional subunits that are necessary for ESC differentiation. We propose that the LSD1-NuRD complex decommissions enhancers of the pluripotency program during differentiation, which is essential for the complete shutdown of the ESC gene expression program and the transition to new cell states.
Transcription factors and chromatin modifiers are important in the programming and reprogramming of cellular states during development 1, 2 . Transcription factors bind to enhancer elements and recruit coactivators and chromatin-modifying enzymes to facilitate transcription initiation 3, 4 . During differentiation a subset of these enhancers must be silenced, but the mechanisms underlying enhancer silencing are poorly understood. Here we show that the histone demethylase lysine-specific demethylase 1 (LSD1; ref. 5) , which demethylates histone H3 on Lys 4 or Lys 9 (H3K4/ K9), is essential in decommissioning enhancers during the differentiation of mouse embryonic stem cells (ESCs). LSD1 occupies enhancers of active genes that are critical for control of the state of ESCs. However, LSD1 is not essential for the maintenance of ESC identity. Instead, ESCs lacking LSD1 activity fail to differentiate fully, and ESC-specific enhancers fail to undergo the histone demethylation events associated with differentiation. At active enhancers, LSD1 is a component of the NuRD (nucleosome remodelling and histone deacetylase) complex, which contains additional subunits that are necessary for ESC differentiation. We propose that the LSD1-NuRD complex decommissions enhancers of the pluripotency program during differentiation, which is essential for the complete shutdown of the ESC gene expression program and the transition to new cell states.
The histone H3K4/K9 demethylase LSD1 (also known as KDM1A) is one of the chromatin regulators that have been implicated in the control of early embryogenesis [6] [7] [8] . Loss of LSD1 leads to embryonic lethality, and ESCs lacking LSD1 function fail to differentiate into embryoid bodies [6] [7] [8] . These results suggest that LSD1 contributes to changes in chromatin that are critical to the differentiation of ESCs, but the role of LSD1 in this process is not yet understood. To investigate the function of LSD1 in ESCs, we first identified the sites it occupies in the genome by using chromatin immunoprecipitation coupled with massively parallel DNA sequencing (ChIP-Seq; Fig. 1 and Supplementary Fig. 1 ). The results revealed that LSD1 occupies the enhancers and core promoters of a substantial population of actively transcribed and bivalent genes (Fig. 1a, b and Supplementary Table 1 ). Inspection of individual gene tracks showed that LSD1 occupies well-characterized enhancer regions together with the ESC master transcription factors Oct4, Sox2 and Nanog and the Mediator coactivator ( Fig. 1b and Supplementary Fig. 1 ). Loci bound by Oct4, Sox2 and Nanog are generally associated with Mediator and p300 coactivators and have enhancer activity 9, 10 . A global view of enhancer regions occupied by Oct4, Sox2, Nanog and Mediator confirmed that 97% of the 3,838 high-confidence enhancers were also occupied by LSD1 (P , 10 29 ) (Fig. 1c and Supplementary Table 2 ). This is consistent with evidence that LSD1 can interact with Oct4 (refs 11, 12) . LSD1 signals were also observed at core promoter regions with RNA polymerase II (Pol II) and TATA-binding protein (TBP; Fig. 1d ). The density of LSD1 signals at enhancers was higher than at core promoters (P , 10 216 ; Supplementary Fig. 1 ), indicating that LSD1 is associated predominantly with the enhancers of actively transcribed genes in ESCs.
It was striking to find that LSD1 is associated with active genes in ESCs because previous studies have shown that LSD1 is not essential for the maintenance of ESC state but is required for normal differentiation [6] [7] [8] . We used an ESC differentiation assay to further investigate the involvement of LSD1 in cell state transitions (Fig. 2a, b) . Prolonged depletion of Oct4 in ZHBTc4 ESCs with doxycycline causes loss of pluripotency and differentiation into trophectoderm 13 . As expected, loss of Oct4 expression led to a rapid loss of ESC morphology and a marked decrease in the levels of SSEA-1 and alkaline phosphatase, two markers of ESCs ( Fig. 2c and Supplementary Fig. 2 ). When these ESCs were treated with the LSD1 inhibitor tranylcypromine (TCP) during Oct4 depletion, they failed to undergo the morphological changes associated with differentiation of ESCs (Fig. 2c) . Instead, the TCPtreated cells formed small colonies resembling those of untreated ESCs and maintained expression of SSEA-1 and alkaline phosphatase ( Fig. 2c and Supplementary Fig. 3 ). Very similar results were partly obtained in LSD1 knockout ESCs (Supplementary Figs 4 and 5 ) and in cells treated with another LSD1 inhibitor, pargyline, or a short hairpin RNA against LSD1 ( Supplementary Figs 2 and 3 ). LSD1 inhibition also caused an increase in cell death during differentiation, as has been observed with cells lacking LSD1 in other assays 7, 8 . These results suggest that LSD1 may be required for ESCs to silence the ESC gene expression program completely.
Further analysis of ESCs that were forced to differentiate in the absence of LSD1 activity confirmed that these cells failed to make a complete transition from the ESC gene expression program; although key genes of the trophectoderm gene expression program were activated, including Cdx2 and Esx1 (ref. 14) , there was incomplete repression of many ESC genes, including Sox2 and Fbox15 (Fig. 2d) . A global analysis confirmed that a set of genes neighbouring LSD1-occupied enhancers in ESCs are repressed during differentiation and that the repression of this set of genes is partly relieved in the presence of TCP ( Fig. 3 ). These results indicate that the trophectoderm differentiation program can be induced in cells lacking LSD1 function, but the ESC program is not fully silenced in these cells.
To gain further insight into the role of LSD1 in ESC differentiation, we investigated whether LSD1 is associated with previously described complexes, including NuRD, cofactor of REST (CoREST), and the androgen receptor/oestrogen receptor complexes 8, [15] [16] [17] . We first studied whether the LSD1 found at Oct4-occupied genes is a component of NuRD, because Oct4 and Nanog have been reported to interact with several components of NuRD 11, 12, 18 . ChIP-Seq experiments *These authors contributed equally to this work.
confirmed that NuRD subunits Mi-2b, HDAC1 and HDAC2 together occupy sites with LSD1 at enhancers (P , 10
29
; Fig. 3 and Supplementary Table 1 ). Immunoprecipitation of LSD1 confirmed its association with Mi-2b, HDAC1 and HDAC2 (Fig. 3b, c) . We then investigated whether LSD1 is associated with CoREST; ChIP-Seq data revealed that a minor fraction of LSD1 occupies sites together with CoREST and REST (2% and 6%, respectively) (Supplementary Fig. 6 and Supplementary Table 1 ). As expected, LSD1-REST sites were frequently found associated with neuronal genes (Supplementary Fig. 7 and Supplementary Silent genes 349/6,976
Bivalent genes 681/3,094 P = 1
Active genes 147/7,339 P = 1
Silent genes 140/6,976
Bivalent genes 2,413/3,094 P < 10 -300
Silent genes 1,583/6,976
Bivalent genes 2,003/3,094 P = 0.173
Active genes 6,844/7,339 P < 10 -300 Table 1 and Supplementary Information). The numbers of genes bound and the total number of genes in each of the active, bivalent and silent classes are shown. LSD1 ChIP-Seq data are from combined biological replicates using an antibody specific for LSD1 as determined by knockdown experiments ( Supplementary  Fig. 1 ). The P value for each category was determined by a hypergeometric test. b, LSD1 occupies enhancers and core promoter regions of actively transcribed genes. Shown are ChIP-Seq binding profiles (reads per million) for ESC transcription factors (Oct4, Sox2, Nanog), coactivator (Med1), chromatin regulator (LSD1), the transcriptional apparatus (Pol II, TBP) and histone modifications (H3K4me1, H3K4me3, H3K79me2, H3K36me3) at the Oct4 (Pou5f1) and Lefty1 loci in ESCs, with the y-axis floor set to 1. Gene models and previously described enhancer regions [27] [28] [29] are shown below the binding profiles. c, LSD1 occupies enhancer sites. A density map is shown of ChIP-Seq data at Oct4, Sox2, Nanog and Med1 co-occupied enhancer regions. Data are shown for an ESC transcription factor (Oct4), coactivators (Med1 and p300) and a chromatin regulator (LSD1) in ESCs. Enhancers were defined as Oct4, Sox2, Nanog and Mediator co-occupied regions. More than 96% of the 3,838 high-confidence enhancers were co-occupied by LSD1 (P , 10
LSD1

29
). Colour scale indicates ChIP-seq signal in reads per million. d, LSD1 occupies core promoter sites. Shown is a density map of ChIP-Seq data at transcriptional start sites (TSSs) of genes neighbouring the 3,838 previously defined enhancers (c). Data are shown for components of the transcription apparatus (Pol II and TBP) and the chromatin regulator LSD1 in ESCs. Core promoters were defined as the closest TSS from each enhancer. Colour scale indicates ChIP-Seq signal in reads per million.
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associated with CoREST (Fig. 3b, c) . Androgen receptor and oestrogen receptor are not expressed in ESCs, as indicated by the lack of histone H3K79me2 and H3K36me3 (modifications associated with transcriptional elongation) at the genes encoding these proteins (Supplementary Table 1 ). Further examination of the ChIP-Seq data revealed that enhancers were significantly more likely to be occupied by the LSD1 and NuRD proteins than by REST and CoREST (P , 10 29 ) (Fig. 3d and Supplementary Fig. 8 ). Multiple components of NuRD are dispensable for ESC state but are required for normal differentiation 6, [19] [20] [21] . ESCs with decreased levels of the core NuRD ATPase Mi-2b failed to differentiate properly and partly maintained expression of SSEA-1, alkaline phosphatase and ESC genes ( Supplementary Fig. 9 ), which are the same phenotypes as those we observed with decreased levels of LSD1. These results indicate that LSD1 at enhancers is associated with a NuRD complex that is essential for normal cell state transitions.
Nucleosomes with histone H3K4me1 are commonly found at enhancers of active genes and are a substrate for LSD1 (refs 5, 22) . If LSD1-dependent H3K4me1 demethylase activity is involved in enhancer silencing during ESC differentiation, LSD1 inhibition should cause the retention of H3K4me1 levels at active ESC enhancers when differentiation is induced. During trophectoderm differentiation with control ESCs, we found decreased levels of p300 and H3K27ac at a set of active ESC enhancers, suggesting that these enhancers were being silenced ( Supplementary Fig. 10 ). The levels of H3K4me1 at enhancers were also decreased, as seen for example at Lefty1 (Fig. 4a and Supplementary Table 5 ), whereas the levels of H3K4me1 increased at newly active trophectoderm genes such as Gata2 (Fig. 4b) . In contrast, H3K4me1 signals were higher at LSD1-occupied enhancers in differentiating ESCs treated with TCP than in control cells, including Lefty1 and Sox2 (Fig. 4a,  c) . Most enhancers (1,722 of 2,755) that were occupied by LSD1 and that experienced decreased levels of H3K4me1 during differentiation retained H3K4me1 in TCP-treated ESCs, in contrast to untreated control differentiating ESCs (Fig. 4d, e) . These results are consistent with the model that LSD1 demethylates H3K4me1 at the enhancers of ESCspecific genes during differentiation and that this activity is essential to fully repress the genes associated with these enhancers.
Our results indicate that an LSD1-NuRD complex is required for silencing of ESC enhancers during differentiation, which is essential ESCs. a, NuRD components occupy enhancers and core promoter regions of actively transcribed genes. Shown are ChIP-Seq binding profiles (reads per million) for transcription factors (Oct4, Sox2, Nanog), coactivator (Med1) and chromatin regulators (LSD1, Mi-2b, HDAC1, HDAC2), at the Oct4 (Pou5f1) and Lefty1 loci in ESCs, with the y-axis floor set to 1. Gene models and previously described enhancer regions [27] [28] [29] 
for complete shutdown of the ESC gene expression program and the transition to new cell states. These results, together with those of previous studies on NuRD function 18, 21, 23, 24 , suggest the following model for LSD1-NuRD in enhancer decommissioning. LSD1-NuRD complexes occupy Oct4-regulated active enhancers in ESCs but do not substantially demethylate histone H3K4 because the H3K4 demethylase activity of LSD1 is inhibited in the presence of acetylated histones 23, 24 . Enhancers occupied by Oct4, Sox2 and Nanog are also occupied by the HAT p300 and nucleosomes with acetylated histones (Supplementary Fig. 10 ) 10 . Thus, as long as the enhancer-bound transcription factors recruit HATs to enhancers, the net effect of having both HATs and NuRD-associated HDACs present is to have sufficient levels of acetylated histones to suppress LSD1 demethylase activity. During ESC differentiation, the levels of Oct4 and p300 are decreased, thus decreasing the level of acetylated histones, which in turn permits the demethylation of H3K4 by LSD1. Consistent with this model, we find that the shutdown of Oct4 leads to decreased levels of p300 and histone H3K27ac at enhancers that are occupied by Oct4 and LSD1 ( Supplementary Figs 10 and 11) , and this is coincident with decreased levels of methylated H3K4 (Fig. 4 and Supplementary Figs 12 and 13) . This model would explain why key components of LSD1-NuRD complexes are not essential for the maintenance of ESC state but are essential for normal differentiation, when the active enhancers must be silenced. Additional HATs expressed in ESCs may also contribute to the dynamic balance of nucleosome acetylation. Future biochemical analysis of HAT, HDAC and demethylase complexes at enhancers will be valuable for testing this model and for further understanding how enhancers are regulated during differentiation.
We conclude that LSD1-NuRD complexes present at active promoters in ESCs are essential for normal differentiation, when the active enhancers must be silenced. Given that there is evidence that LSD1 is required for differentiation of multiple cell types 6, 25, 26 , LSD1 is likely to be generally involved in enhancer silencing during differentiation. The ESC gene expression program can be maintained in the absence of many other chromatin regulators 2 , and it is possible that some of these also have key functions in the transition from one transcriptional program to another during differentiation.
METHODS SUMMARY
ESC culture conditions. ESCs were grown on irradiated murine embryonic fibroblasts (MEFs) and passaged as described previously 9 . In drug treatment experiments, ESCs were split off MEFs and treated with 1 mM TCP or 3 mM pargyline to inhibit LSD1 activity. Lentiviral constructs were purchased from Open Biosystems and produced according to the Trans-lentiviral shRNA Packaging System (catalogue no. TLP4614). Differentiation assay, immunofluorescence, and alkaline phosphatase staining. ZHBTc4 ESCs were split off MEFs in ESC medium containing 2 mg ml 21 doxycycline to decrease Oct4 expression levels. For immunofluorescence, ESCs were crosslinked, blocked and permeabilized before incubation with anti-Oct4 (Santa Cruz, sc-9081x; 1:200 dilution) or anti-SSEA1 (mc-480, Developmental Studies Hybridoma Bank; 1:20 dilution) antibodies. Alexa-conjugated secondary antibodies were used for detection. Staining of ESCs for alkaline phosphatase was achieved with the Alkaline Phosphatase Detection Kit (Millipore, SCR004). Cells were harvested at indicated time points for ChIP-Seq, quantitative polymerase chain reaction or expression array analyses. ChIP-Seq. Chromatin immunoprecipitations (ChIPs) were performed and analysed as described previously 9 . The following antibodies were used: anti-LSD1 (Abcam, ab17721), anti-Mi-2b (Abcam, ab72418), anti-HDAC1 (Abcam, ab7028), anti-HDAC2 (Abcam, ab7029), anti-REST (Millipore, 07-579), antiCoREST (Abcam, ab32631), anti-H3K4me1 (Abcam, ab8895), anti-p300 (Santa-Cruz, sc-584) and anti-H3K27Ac (Abcam, ab4729).
For ChIP-Seq analyses, reads were aligned with Bowtie and analysed as described in Supplementary Information.
